Abstract A design of the main AC/DC converter system for ITER is described and the configuration of the main AC/DC converters is presented. To reduce the reactive power absorbed from the converter units, the main AC/DC converters are designed to be series-connected and work in a sequential mode. The structure of the regulator of the converter system is described. A simulation model was built up for the PSCAD/EMTDC code, and the design was validated accordingly. Harmonic analysis and reactive power calculation of the converters units are presented. The results reveal the advantage of sequential control in reducing reactive power and harmonics.
Introduction
High power AC/DC converter systems, using thyristor bridges, are often used in thermonuclear fusion experiments. In the ITER power supply system, there are 39 AC/DC thyristor converters to feed tens of superconductive coils mainly to produce slow ramp-up and controllable currents necessary to generate the expected plasma current, shape and position [1] . The associated active power and reactive power profiles absorbed from the grid vary accordingly. In particular, the reactive power should increase significantly with a decrease in converter output voltage [2] . A reduction in the reactive power is normally expected in order to avoid drop and fluctuation in the grid voltage. Several methods were proposed to reduce the reactive power on the grid, including additional freewheeling diode, converter bypass operation obtained with an external thyristor freewheeling branch or with the bridge thyristors, and specific control of all units when the converters are connected in series.
In the present design of the AC/DC converter system for ITER, the main AC/DC converters are connected in series and work in a sequential control mode. In this paper, the sequential controlled AC/DC converters are modeled, supplemented with harmonic analysis and a reactive power calculation.
2 Main AC/DC converter system for ITER
In the power supply system of ITER, the main AC/DC converters comprise twelve-pulsed fourquadrant thyristor converters connected in series and parallel combination to supply to central solenoid (CS) modules and poloidal field (PF) coils, as shown in The structure of control system selected consists of a voltage regulator and a current regulator. The current regulator provides closed loop current control, circulation current control and parallel branch unbalance current control.
Voltage regulator
Open-loop operation is selected to achieve a faster response, even there is a drawback of reduced accuracy in the output voltage [3] . Two feedforward blocks are provided to compensate the voltage drop arising from the commutating reactance and the AC voltage variation in order to reduce the error in open-loop output [4] . A voltage regulator scheme is shown in Fig. 2 . The relation for the voltage control scheme is
where V DC ref is the reference voltage, I d is the load current, V AC is the on load line voltage,
, V d0 is the output voltage of a converter unit without load, K 3 = V n , V n is the line voltage without load,
, q is the pulse number, f is the line frequency, and L is the leakage inductance. In Eq. (1), K i is set to be 0.9 to avoid a positive current feedback. When the converters work in a sequential mode, only one converter regulates the output voltage, and the others supply fully positive or negative voltage. The firing angles α 1 and α 2 of two series independent converters are calculated in real time from
with:
where V * is the line voltage per unit.
Current regulator

Closed loop current control
A proportional-integral (PI) regulator is selected for the closed loop current control, as shown in Fig. 3 , to provide initial currents in the coils required for plasma generation. [5] The main converter (MC) for CS/PF works in four quadrants with four subunits called CU1, CU2, CU3 and CU4, as shown in Fig. 4 . The operational region of each converter bridge is listed in Table 1 . Variations of circulating current I d1 , I d2 upon the load current are shown in Fig. 5 schematically. As is seen in Fig. 5 , a circulation current mode is performed in regions A1 and A2 with −0.1I dn < I d < 0.1I dn , while in regions B1, with 0.1I dn < I d < 0.2I dn , and B2, with −0.2I dn < I d < −0.1I dn , only one sixpulse unit carries load current. In regions C1 with 0.2I dn < I d and C2 with I d < −0.2I dn , two parallel six-pulse units will carry load current. In Fig. 6 , a PI regulator is selected for the control loop to ensure zero steady state error. The circulating current is obtained from the measurement of the current in two subunits with I C = I d1 − I d2 and is compared with the reference circulating current I Cref . Its output signal (∆cosα) has to be added to the mean reference voltage or current (cosα) to control the subunit supplying current I d1 , while ∆cosα has to be subtracted from the mean reference voltage or current to control the subunit supplying current I d2 . I Cref is obtained from the load current I d , and the mean value of the circulation current is higher than the maximum ripple of the currents in subunit. 
Circulation current control
Parallel branch unbalance current regulator
The unbalance current regulator is similar to the circulation current regulator except that in this case the differential current between the branches in parallel, instead of the circulation current, is controlled to zero.
Simulation results
A simulation is conducted with the PSCAD/EMTDC code to test the dynamic performance of the main AC/DC converter control system [6] . The control scheme includes the voltage regulator, closed loop current regulator, circulating current regulator and parallel branch unbalance current regulator.
Rate limiters are provided on the firing angles, which correspond to a limitation of the output voltage derivative of V max /15 ms, with V max the maximum output voltage. In the simulation, the feedforward constant k i is set to be 0.9.
The dynamic performance of the main AC/DC converter system is shown in Figs. 7 ∼10 . The simulation results show a good dynamic performance and fast response. 
Harmonic analysis
The AC side currents are shown in Fig. 11 , in which i 1 , i 2 are the AC side currents of two converter bridges connected in series, as shown in Fig. 1 , and i A is the sum of i 1 and i 2 . Commutation and DC current ripple are neglected and a transformer ratio is 1 : 1 is assumed. In the following analysis, the zero crossing of phase voltage is selected as the origin. Then, i 1 can be expressed as [7] 
And i 2 can be expressed to be
Suppose ∆α = α 2 , then the phase of i 2 lags that of i 1 by ∆α degrees.
Consider two groups of thyristor bridges connected in parallel, as shown in Fig. 1 , with their equal fundamental voltage and a phase shift of 30 o . Suppose α 3 = α 1 and α 4 = α 2 , as shown in Fig. 1 So the total AC current of a main AC/DC converter can be expressed as
It is seen from Eq. (7) that when controlled in sequential mode, the converter could work in 12-pulse. The harmonics, including the fundamental current, are reduced.
The harmonic currents at the AC side in sequential control mode and symmetrical control mode are shown in Figs. 12 and 13, respectively. In the simulation, the output voltage of the converter is 1 kV and the load current is constant. The results show that the harmonic currents are reduced in the sequential control mode. In some cases, certain characteristic harmonic current will not appear. We neglect the active power and reactive power losses from the rectifier transformer and the circuit, so the converter equations can be written as [8] 
Then, the power consumption of the converter can be expressed as
) .
(9) When the main AC/DC converter works at its rated current, one bridge supplies fully positive or negative output voltage and the other regulates the output voltage. Its reactive power consumption is plotted using MATLAB software [9] , as shown in Fig. 14. The reactive power consumption in a symmetrical control mode is shown in Fig. 15 . From Figs. 14 and 15, it is seen that the peak reactive power consumption can be reduced by at least 25%. 
Conclusion
In this paper, a design of the current ITER main AC/DC converter system is presented, and its control system is verified by simulation. Harmonic analysis and reactive power calculation prove that both the harmonics, including the fundamental current, and the reactive power consumption can be reduced in a sequential control mode.
